Abstract-This article describes methods and results of laboratory simulation of processes in the clay soils contaminated by oily substances in the samples, on the one-dimensional and three-dimensional physical models. It describes the laboratory setup, the procedure for conducting experiments and processing their results. The possibility of point and integrated prediction of the degree of contamination of the soil on the measurements of its electrical resistance was confirmed. The behavior of changes of porosity, moisture content, granulometric composition of soils contaminated with oil products when there are electrically treated due to thermal and osmotic effects was identified by comparing the data of direct measurements and of electrical control by the system of microprobes. The comparison of results of electrical treatment of the clean soil contaminated with liquid and viscous oil p;roducts, as well as by over-exposure to the active substance -solvent was given.
I. INTRODUCTION
The most common contaminants are oil and petroleum products. Accidents at the oil-producing plants during transportation of oil lead to catastrophic consequences. In the absence of emergency situations, contamination of soils with oil products occur in massive volumes. Thus, at mining and coal processing enterprises of Kuzbass similar events occur in the stationary and mobile fuel and oil filler areas, warehouses of fuel and lubricants, and a significant amount of contaminants occur in the soil of the foundations of existing buildings and facilities, which complicates or eliminates their mechanical removal for decontamination [1] .
Methodological approaches to address the problems of cleaning soil from pollution are considered in the fundamental monograph [2] . Recent studies conducted by various organizations are aimed at the development of physical and chemical [3, 4] , biological [5, 6, 7] decontamination techniques, or combinations thereof [8, 9] , while emphasizing that when the point (local) sources of pollutant emissions (pollutants) are addressed, this increases the importance of monitoring methods (location of zones of pollution, monitoring changes in the concentration of toxicants) [10, 11] .
Promising treatment for decontaminating of soils with low permeability is application of the electrochemical method, which combines the transmission of high density current through the soil mass, electroosmotic saturation of soil with active liquid diluting viscous components or deactivating the contaminant, and removal of the solutions containing dissolved contaminants. Experimental and theoretical basics of electro osmotic processes set forth in [12] found practical application in reclamation (dewatering and drainage) and construction (grouting by chemical solutions) [13, 14] . Due to the complexity and lack of knowledge of the complex physical and chemical processes during electrical treatment as well as the power consumption of this method, this method has not yet received the mass distribution.
The idea of using an electrochemical method for cleaning soil from oil and other pollutants and toxicants is developed at MSU under the guidance of prof. V.A. Korolev. The results of fundamental research of electrosurface phenomena in clay rocks proved the practical significance of the research areas [15] [16] [17] [18] .
Another unresolved issue is the control of soil treatment processes at various stages of this line of research developed in the laboratory of geocontrol KuzSTU.
The basic premise of physical control method is that all used in road and rail transport petroleum products (oil, diesel, gasoline) exhibit pronounced dielectric properties. Effective resistivity (resistivity) of the liquid ranges ρ = 10 10 -10 12 Om•m, while for solutions of natural mineral, the range is ρ = 0.1-100 Om•m electrical resistivity moisture saturation of the rock, which is a three-phase medium determined using the classical empirical relationship [19] [20] 
where m-porosity (pore cavernosity); W W -moisture saturation ratio of the pore spaces and cracks; ρ b -Electrical resistivity filling the pore space of solution, Omm; k n , α, β, γ -empirical parameters, which depend on structural and textural characteristics of the soil; k n -parameter taking into account the surface conductivity of the clay layer on the micro pore surface;  -parameter depending on the type of geological deposits; β -parameter determined mainly by tortuosity; γ -parameter depending on the wettability of the pore surface by the solution. The value of parameters k n and  for the coal-bearing and coal enclosing deposits of one type can be taken equal to 1 [21] . The parameter β depends on the structure of the pore space and for compacted loose soils it varies in the range β = 1.3-2.2; the parameter γ is determined by the degree of wettability of the solid phase surface and varies in the range γ = 1.8-3.5. [22] .
Ranges of parameters
To evaluate the pollutant content in the pore fluid, it is advisable to use the theoretical dependence of the logarithmic weighted average for the two-component environment that allows calculation of the desired value with high reliability [23] :
where ρ b , ρ n , ρ e -electrical resistivity of weighted average oil and electrolyte respectively, Omm; V n ,V e -the volume in the solution of oil and electrolyte respectively.
Theoretical dependences (1) and (2) in principle allow the assessment of the degree of soil pollution with oil products based on the results of individual measurements, longitudinal and areal electrical soundings [24, 25] .
This work is devoted to experimental verification of the presented idea using soil samples and laboratory facilities.
II. MATERIALS AND METHODS
The complex of laboratory research includes the following experiments:
-Verification of the calculated dependencies on soil samples with a given pollution; -Simulation of electrochemical processing on onedimensional model; -Simulation of electrochemical processing of threedimensional model.
To compare the theoretical and experimental results, coefficient k of soil contamination is introduced equal to the ratio of the volume of oil products contained in the pores to the total volume of the pore fluid. By transformation of the equations (1) and (2) it is possible to obtain the following expression:
Samples of contaminated soil were prepared by mixing the pure soil by mixer with the fixed amount of engine oil. For artificially contaminated samples of soil we measured in the experiment porosity, moisture, electrical resistivity of ground ρ k , electrolyte ρ e and pore fluid ρ n , as well as soil pollution factor k with the help of specially designed software package that provides the cyclic selection of the optimal values of the constants β and γ.
One-dimensional physical model of electrochemical treatment zone had a cylindrical shape with the distance between the electrodes in a horizontal direction close to the real, l= 0.3 m (Figure 1 ).
As the test environment we used compacted clay loam mixed by a mixer with a petroleum product. The container for the soil was a tube of non-conductive material (polyethylene) with the pipe outside diameter 160 mm, and inside diameter 140 mm. The plates made of galvanized steel 0.7 mm thick were attached to the ends of the tube and cut to the crosssection of the tube. The lower part of the tube near electrodes 5, 6 there are drainage openings 11 provided. In order to increase the current density, 800 g of water and 8 g of sodium salt NaCl (1 %) were added to the ground prior to filling it in the tube. The experimental procedure consisted of measuring the resistivity of contaminated soil using probe-sensors made of four-core copper cable. Sensor microprobes with the distance between contacts AM = MN = NB = 10 mm are immersed into the soil through the holes in the tube to the depth of 70 mm. The measuring device is a logging tool CP-2, which implements the measurement of the electrical resistivity at constant current in pulsed mode with automatic compensation of polarization developed in KuzSTU. The rest of the electrical characteristics of the ground and installations were measured by electronic multimeter MY64. The electric field in the model was created with stabilized power supply with a voltage of U = 12-16 V.
Physical and mechanical soil characteristics were determined using the following devices and equipment of the field laboratory PLL-2: a set of weighing bottles to determine humidity, electronic scales, oven, set of sieves.
The volume (three-dimensional physical) model presented a portion of the area of electrochemical purification with the actual transverse dimensions of the electrodes and distance between them in the horizontal section (Figure 2 ). Fig. 2 The experimental setup of three-dimensional model: 1 -container (bath); 2 -electrodes, injectors; 3 -microprobe sensors; 4 -supply unit (two series-connected sources of DC power supply B5-50); 5 -ammeter
As the test environment, the compacted clay loam mixed by a mixer with a petroleum product was used. Concentration of the oil pollutant corresponded to the actual possible pollution caused by gradual periodic pollution or oil spill resulting from the accident. Thus, all the physical parameters of the model didn't differ from those of the nature.
The container with dimensions 1000500360 mm was made of non-conductive for electrical current material (laminated waterproof plywood) waterproofed with plastic wrap and filled with loam. In the ground to the depth of 300 mm we immersed electrodes-injectors -perforated steel electric-welded pipes with an inner diameter of 51 mm tapped at the bottom with a wooden plug.
The experimental procedure consisted of measuring the true resistivity of the contaminated soil using microprobe sensors described above immersed in the soil to the depth of 180 mm. The total number of sensorswas -22. The electric field in the model was created by the stabilized power supply unit B5-50 with a voltage of U = 50-300 V, with current up to 0.6 A.
III. RESULTS AND DISCUSSION
In the experiment with artificially contaminated samples, starting from sample number 7, there was a partial violation of the structural relations of the sample. With the increased concentration of oil at k> 30%, there was a change of the phase state of the sample: its transition from a solid bound to a plastic non-bound suspension, which contributed to a sharp increase in electrical resistivity of the sample. Scope of the proposed control method is limited k <20%, the estimation error does not exceed 23% (Table 1) For the geophysical express forecast one can choose regression dependence, quite accurately describing the behavior of the contamination factor k with increasing concentration of oil in the ground and a corresponding increase in the relative electrical resistivity  k . Table 2 shows the results of statistical processing -the regression equation and the corresponding estimates of: the ratio of the correlation (correlation coefficient) R; Fisher's exact test, F; critical Fisher criterion, F кр . The greatest precision is provided by polynomial dependence (R = 0.981). In the graphical form the experimental results are presented in Figure 3 The main objectives of experimental research on the onedimensional model (see Figure 1) were as follows: establish the effect of heating the soil mass by electric current on the decomposition of organic substances; study the physical parameters of the soil mass to be cleansed; study electrocoagulation processes facilitating the transition of oil in the solid state. Figure 4 shows the results of measurements of the treated soil resistivity depending on the location of the x-coordinates of sensor probes in the installation within a time range.
It follows from the graph that the physical processes in the electric treatment for 6 days of pure and contaminated with oil soils are fundamentally different: the pure soil sample shows electroosmotic movement of moisture into the anode area; in the contaminated sample it was recorded that the fluid moved in both directions while oil products were moving by pores towards the cathode. Through the drain holes discharge of accumulated fluid was observed: at the anode with minor traces of oil, at the cathode -their notable content. Table 3 , the changes in the size distribution are shown in Table 4 . The experiments described above allow to evaluate electrothermal treatment effects on the ground massif without dissolving thick petroleum fractions.
Experiments were performed with thinning of oil polluter. The setup was loaded with clay loam mixed with water (800 g), oil (170 g) and sodium chloride (12 g ). In the experiment, the contaminated soil was treated by electric current and then the soil was flushed with oil solvent n-Hexane.
Washing liquid was fed into the hole in the tube near sensor 1 at time t 1 = 64 hours from the start of the experiment in the volume of 100 ml (70 g). Also the washing liquid was fed near sensor number 4 at the time of t 2 = 136 hours from the start of the experiment to the volume of 100 ml (70 g). During the experiment, liquid accumulated under the negative, by its properties it was close to the properties of the water, the accumulation occurred uniformly throughout the experiment, the total volume of the liquid volume was 150 ml.
When feeding hexane to sensor # 1, the liquid was spreading in the soil mass without dripping under the electrodes. When applied to sensor #4, hexane dripped under the negative electrode, the total liquid volume was 20 ml (14 g). The graphs of the relative change in resistivity ( Figure 6) show that in the zone of oil products liquefaction and dissolution an additional reduction of electrical resistivity value was observed. 1 -a four-electrode sensor probe # 1; 2 -# 2; 3 -# 3; 4 -# 4 Fig. 6 . Graphs of changes in the relative electrical resistivity of the soil mass, current I and mass m of flushing liquid feed during electrochemical decontamination by Shell Helix Ultra oil,and washing by hexane-n solvent: 1 -a four-electrode sensor probe # 1; 2 -# 2; 3 -# 3; 4 -# 4; 5 -current I; 6 -mass of water accumulated under the negative electrode; 7 -the amount of the supplied washing liquid; t 1 , t 2 -the interval of solvent introduction The analysis of the results led to the following conclusions:
-in heating during current flow and its impact on oil products in the pores of the soil, the oil products transit in a solid bound state, which increases the electrical resistivity of the soil throughout the treatment zone at t > 3 days; -as a result of electrolytic impact of DC current on the polluted soil solid particles are formed and stick together resulting in a change in the particle size distribution of the clay in terms of increasing the number of larger fractions; -in the areas adjacent to the electrodes, due to draining of the accumulated liquid, the moisture decreases, and an increase in the percentage of coarse fraction leads to a decrease in the density of the soil in the wet and in the dry state;
-from the beginning of the oil products coagulation process at t > 3 days, the process of an increase in electrical resistivity is relatively monotonous both near the electrodes and in the center of the transition area when treating the soils mixed with viscous heavy liquids (oil, fuel oil), while for light fractions (gasoline, diesel) this process is characterized by a decrease in electrical resistivity in the near-cathode area; -The introduction of solvent in the soil promotes the formation of soil liquefaction zone around the electrode, with the direction of electro osmotic filtering corresponding to the predominance of positively charged ions in the solvent nHexane.
Thus, the oil in the pores acts as a bonding agent, but its effect is of a local nature at the level of the soil grains, and it is significantly different from the soil mass consolidation mechanism for two-solution [26] and one-solution [27] electrochemical consolidation.
It follows from the experimental results on the threedimensional model (see Figure 2 ) that the electro osmotic processes in the near-electrode regions in the processing of clean and oil contaminated soils are interconnected and have significant differences due to differences in conductive properties of the aqueous solution (low electrical resistivity) and engine oil (dielectric):
-In a clean soil, the moisture progressively moves from the cathode to the anode accompanied by a decrease in the electrical resistivity in the moisture accumulation zone and an increase in electrical resistivity in the electrical drying zone, while the anode drying zone exceeds the moisture saturation zone by its extension, the formation of these zones is fast enough in 3.0-3.5 A• h from the start of electric treatment; -In the polluted soil, a wavy character of changes in the electrical resistivity was observed due to the fact that the oil viscosity is considerably higher than that of the aqueous solution, wherein the positive increments of resistivity corresponding to the predominance of oil products in the pores, and the negative ones corresponding to the predominance of the aqueous solution during become more contrasting in the course of treatment and move to the area of the anode; in the cathode area, with the outflow of moisture electrical resistivity changes insignificantly indicating the predominant influence of mineral oil grains insulation by the oil film.
The temporary nature of the processes described above in the electrode regions on the main axis of the treatment is characterized by the graphs of dependences of the relative electrical resistivity / 0 in the characteristic points in the soil mass on the electric current rate It given in Figure 7 . The hydrodynamic processes in the near-electrode areas are characterized by circular diagrams of electrical resistivity given in Figures 8 and 9 .
The following features of formation of near electrode volume areas are identified:
-Around the anode in the pure soil the asymmetry of electrical resistivity is observed, the moisture accumulation zone with / 0 = 0.6-0.7 corresponds to the circular sector in the range  = 90-120; the outflow of fluid is fixed from the lateral and return directions; in the vicinity of the electrodecathode the thermal soil drainage area is formed (r = 90 mm), as the distance from the electrode axis increases, the anisotropy of electrical resistivity is significantly mitigated; -in the polluted soil in the near-cathode zone there is no pronounced layer of thermal drying recorded; in other aspects, the structure of this zone doesn't differ from the pure soil; in the near-anode volume, the oil accumulation sector reaches  = 180.
IV. CONCLUSIONS
The analysis of the experimental data provided the following most important scientific positions.
1. It is advisable to carry out the location of zones contaminated by petroleum products by the method of electrical resistivity: in a pointed way by buried micro sensors; probing from the earth's surface. The error of soil contamination coefficient prediction (ratio by volume) before transition of the soil into the plastic state does not exceed 23%.
2. In electric treatment, the contaminated soil mass is exposed to electro osmotic and electro-thermal impacts. As a result of the electro thermal impact on oil products in the pores of the soil, these products transit in a solid bound state which results in the increase of the soil resistivity throughout the treatment area, and to a decrease in the soil moisture and density. As the result of electro osmotic impact of DC current, solid particles are formed and stick together leading to the change in particle size distribution of clay soil towards an increase in the content of larger fractions.
